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This study is on the fracture behaviour of short fibre polymers on which fracture
toughness (K) is calculated through some testings with the help of LEFM
(Linear Elastic Fracture Mechanics) theory. The materials used were Fortron R©
PPS, Ryton R© PPS and PBT. The variables controlled were: notching technique
(broaching, femtolaser, pressing and tapping), thickness of the sample (6mm and
9mm) and testing speed (low-speed and high-speed). After the samples were broken,
they were analysed using an optical microscope and SEM microscopy.
The results found that Fortron and Ryton behaved elastically but PBT was on the
verge of being discarded as it might be unsuitable for LEFM analysis. The analysed
pre-notches were all equivalent in their radius, but notching depth was higher when
using the femtolaser. Notching radius in broaching was bad in comparison to
the other techniques. There were no significant differences between the values for
fracture toughness between the different notching techniques, making this tapping
and pressing very cost-efficient. When analysing the differences on sample thickness
effects it was clearly shown that the 6mm samples had much higher fracture
toughness, with the main hypothesis being that fibres were more oriented. Finally,
no significant differences were shown on testing speed influence, despite being all
main values lower on low-speed tests.
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Introduction
1.1 Aim
The aim of the project which is submitted in fulfilment of the requirements for the
Bachelor’s Degree of Aerospace Technology Engineering is divided into three parts:
a) To determine the fracture toughness and to determine the influence of different
notching techniques, sample thickness and fracture speed on the studied short
fibre polymers fracture toughness.
b) To characterise the notching geometry of the studied samples by taking different
micrographs and analysing them.
c) To publish a scientific paper on the discoveries made during this project to diffuse
it to the scientific community.
The first two parts are the core of the study, being the latter the natural continuation
of the project and a aim intended to be completed after the study itself has been
completed.
1
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1.2 Scope
In order to achieve the aimed objectives, the following is meant to be done:
a) Prepare samples for its testing, taking using three different materials, two
thickness and up to four notching techniques.
b) Break the samples by using low-speed and high-speed testing procedures.
c) To analyse groups of both broken and non broken samples on an optical
microscope and a SEM.
d) Post-process the raw data and obtain the fracture toughness and geometrical
parameters of the samples.
e) Use all the information to write a memory and set the basis to write the scientific
paper based on it.
1.3 Requirements
1.3.1 Testing variables
With regard to the tests which will be conducted:
a) Materials used
• Fortron R© PPS
• Ryton R© PPS
• PBT
b) Notching techniques
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• Broaching
• Femtolaser
• Pressing
• Tapping
c) Testing speed
• Low-speed (∼ 1 mm/min)
• High-speed (∼ 1 m/s)
d) Thicknesses considered
• 6 mm
• 9 mm
1.3.2 Sample preparation, testing and analysis
With regard to the specimens preparation, testing and analysis:
a) Injection to manufacture raw specimens.
b) Pre-cutting in order to produce the desired length.
c) Pre-sanding to remove possible cavities.
d) Cutting to produce the pre-notch.
e) Sanding of the pre-notch to remove scraps.
f) Notching to create a quasi-natural crack.
g) Testing of the specimen.
h) Microscope observation for measuring cracks.
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i) SEM microscopy in order to measure geometrical parameters.
Requirements and advice from [1–5] will be used.
1.3.3 Testing standards
The following norms are the ones which regulate plastic composites testing:
a) ISO 13586:2000/Amd.1:2003 Plastics – Determination of fracture toughness (GIC
and KIC) – Linear elastic fracture mechanics (LEFM) approach. [6]
b) ISO 17281:2002 Plastics – Determination of fracture toughness (GIC and KIC)
at moderately high loading rates (1 m/s). [7]
c) ISO 3451-1:1997 Plastics. Determination of ash. Part I: General methods [8]
1.4 Justification
This project is made within the framework of a project for the Spanish Ministry
of Economy and Competitiveness with reference MAT 2012-37762-C02-01 funded
with 70.200 eand with the title: ”Effect of notching in the determination of fracture
mechanics parameters of polymers and composites with short fibre.”
Short fibre reinforced polymeric materials are classified as composites. It is worth
noting that aerospace industry has had a dramatic increase in usage of this materials
and there is a increased demand of expertise in that field of study. Moreover,
some selected materials have an aerospace application, as PPS derivatives such as
Fortron R© PPS and Ryton R© PPS are used as matrix in aerospace engineering [9, 10].
As a future aerospace engineer I am interested in both material science and
management topics. Thus, it is a great choice to work in a project which involves
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both of them. The material science part comes from the field of study of the
project, and management as those projects involve working organising an schedule
and coordinating efforts with other persons.
This project has a highly experimental workload which was a key point when
imagining which kind of project this author desired. This allows to develop a ”truly
owned” project in the sense that is not stick to simply ”rearrange” what has already
been done by others and presented in the literature like it is done in bibliographic
projects. Doing something which hasn’t been done is intellectually stimulating.
It involves working in a research center outside university, thus it contributes to gain
experience in a workplace rather than sticking to just the academical point of view
of the Bachelor’s Project. This is critical in a continuously accelerated globalized
market economy in which know-how is increasingly getting more importance.
Doing some kind of retribution to society is a moral debt for every person which has
had the opportunity to undertake a course at university. This is specially important
for engineers, as our main goal is to improve society by manipulating both nature
and technology. Thus, writing a memory and then a scientific paper is a feat in
which I could contribute to expand human knowledge on this field. Sharing it by is
a service to the whole scientific community.
The project supervisor taught this author two years ago lectures on Aerospace
Materials which he did find stimulating. This caused on him to developed a curiosity
in materials science. Indeed, it might be the path which he will follow in the nearer
future.
Finally, a research group at CCP is intending to amend and revise the existing norm
on short fibre reinforced polymers testing thus developing this project is a key point
in achieving this objective.
Chapter 2
Theoretical basis
2.1 Polymers
Polymers are large organic molecules characterised by their molecular structure: they
contain large chains of submolecules (called mers) which repeat all over the chain
and which are connected by covalent bonds. In certain ocasions those molecules are
ramified and they form a web, which can be entangled or not into other polymeric
molecules.
The first classification of polymers is with regard of their origin: they can be either
natural or synthetic. Natural polymers are the ones present raw in nature such as
wood, wool or cotton. Synthetic polymers are the ones produced by men and which
did not appear until the XIX century. Some common examples are PVC, PP, PE or
PS.
Another common classification is by defining their behaviour after polymerisation.
They can be either thermoset or thermoplastic.
6
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2.1.1 Thermoset polymers
This type of polymeric material is obtained by reticulation of the raw materials
in form of resin. The reaction is activated by some agent, which with the aid of
usually temperature and pressure produce polymer reticulation. Those polymers
create entangled tridimensional structures which are very complex.
They are characterised by their high density, Young modulus and low impact
strength and ductility compared with thermoplastic polymers. They have also
high temperature resistance, in expense that when heated they do not flow as
thermoplastic materials do but they degradate. This makes this type of polymers
non recyclable.
2.1.2 Thermoplastic polymers
Thermoplastic polymers are obtained by solidification. They entangle as thermosets
but they do not create bonds between polymeric molecules as them. This makes them
able to be fused, recycled and conformed repeately without the thermic degradation
that the other type suffer.
This charactheristic makes them therefore to have lower temperature resistance (as
they flow) and lower elasticity modulus but they are more ductile and can withstand
more impact strength. The majority of polymers are inside this group.
Thermoplastic materials can be also classified with regard of their degree
of crystallinity. This property is a measure of how much ordered are the
polymeric molecules, being absolutely disordered amorphous and completely ordered
crystalline. In reality there are no completely amorphous or crystalline thermoplastic
polymers but a broad range of materials which are more amorphous than crystalline
or vice versa. They are also materials which are neither amorphous or crystalline
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which are called semi-crystalline. They present properties of both groups all
together. An example to illustrate this is shown in Figure 2.1.
(a) (b) (c)
Figure 2.1: Crystallinity classification. (a) Amorphous. (b) Semi-crystalline. (c)
Crystalline
2.2 Composite polymers
The traditional material classification states that all materials can be classified
into metals, ceramics or polymers. This is nowadays incomplete as the so called
composites exist. They are a type of material which combine two or more of
those materials in order to enhance some of the pre-existing properties or the raw
materials which allow them to substitute other materials. For example the Boeing
B-787 Dreamliner makes an extensive usage of CFRPs (Carbon-Fibre Reinforced
Polymers) in its fuselage to substitute aluminium. This allows a weight reduction
of the aircraft, a key point in aeronautical design. This can be noted in Figure 2.2
which accounts for the usage of composites in this aircraft.
Composites are basically structured onto two parts: the matrix and the
reinforcement. The matrix is the material media in which reinforcement is
embedded into and which provides the structural integrity for the composite. The
reinforcements are the materials which enhance the properties of the matrix.
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Figure 2.2: B-787 Dreamliner composite usage
2.2.1 Composite matrices
Matrices can be either organic (polymeric), metallic or ceramic. The choice
depends on the application of the composite material, being the polymeric type
used principally in applications in which a weight reduction is desired, metallic
in occasions where mechanical properties need to be the relatively stable at high
temperatures and ceramic for thermal resistance.
Polymeric matrices can be either thermoplastic or thermoset, being the latter the
most used as they present higher mechanical properties as stated before.
2.2.2 Composite reinforcements
2.2.2.1 Fibres
Natural or synthetic it is a type of reinforcement in which the properties highly
depend on anisotropy. Fibres are very resistant on stresses applied along their
longitudinal form but not on the transverse. This implies that fibre positioning
is very important in composites, specially in the ones in which the matrix itself
doesn’t have good mechanical properties as it is the case of polymeric ones. Another
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important aspect is to note that adherence to their matrix is key as if they slip away
then the composite material would fail.
Fibres are used in the so called high-performance polymers, composite materials
in which apart from weight reduction the aim is to substitute a material part by
achieving mechanical properties comparable to them. They are a very specific family
of polymeric base matrix composite materials but very important and widespread
in engineering.
The most common used fibres in engineering of polymeric composites are:
a) Glass fibre: It is one of the most widespread type of fibres. It is constituted
by silicon oxides. They present very good adherence to all types of matrices,
high thermal and corrosive resistance and a good ratio properties/prices. Besides
that, their mechanical properties are not of the utmost amongst fibres. Polymeric
matrices with fibres glass reinforcements are the object of this study.
b) Carbon fibre: Used to attain mechanical properties higher than when using glass
fibre they are strains made out of carbon or other organic derivates. They have
excellent mechanical properties and high temperature and corrosive resistance.
Their mains drawbacks are their price, low impact strength and fragility.
c) Boron fibre: They present exceptional tensile and compression strength and a
very high rigidity but they have a very high cost and have low flexibility and
high density.
d) Aramide: Very good tensile strength with low density and very resistent to
impact strength and corrosion. They have very low compression strength and
low adherence, and tent to degradate quickly with UV radiation.
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2.2.2.2 Fabric
Fabric reinforcement depend highly on the volumetric relation between the
reinforcement and the matrix and the ordering of the fabric fibres of the fabric.
Fabric reinforcements are divided into three families: felt fabrics, meshed fabrics
and non-meshed fabrics. They are not the object of study of this project so they are
not developed in this theoretical introduction.
2.3 Fracture mechanics
Fracture mechanics is a very important field of study as it is the basis for studying the
failure of materials and structures in engineering. Fracture toughness is a parameter
which gives generic information on the material resistance to crack growth.
It is worth noting that the majority of studies made in this field are applied
to metallic materials. Polymeric studies are not very well developed and it is a
major field of future study, specially when combined to other materials to produce
polymeric composites.
During a fracture toughness study a material can be defined or characterised by
three aspects:
a) Fracture behaviour : It can be either a fragile or a ductile fracture. The first,
fragile, occurs when the crack growth develops in a rapid and unstable way and
the stress absorbed by the material decays rapidly after fracture. This makes it
to be defined simply by the fracture toughness value at that point. The second,
ductile, presents a slow and stable crack growth. Because of that reason a defining
point is not sufficient and a fracture toughness graph is needed to define this
fracture.
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b) Deformation behaviour : With regard of this the material can have an elastic
linear, elastic non-linear or elastic-plastic deformation behaviour. This defines
which parameter is used to describe fracture toughness and the testing method
to obtain it.
c) Geometry effect : A high constraint on crack radius can have a great effect on
fracture toughness. Moreover, it modifies the fracture behaviour, being high
constrain values are related to more fragile fractures.
The materials studied in this study are characterised by being fragile and within the
range of the LEFM (Linear Elastic Fracture Mechanics) theory.
When studying fracture toughness there are three modes of fracture, associated to
the geometry of the direction of the forces applied. This makes the material to
have inherently three fracture toughness values associated, being the lower value
the defining direction of material failure and usually the designing condition in
engineering. The modes are presented in Figure 2.3.
Figure 2.3: Crack modes. Mode I: Opening; Mode II: Shearing; Mode III: Tearing
This study considers only mode I fractures, for which the pre-notching form is already
drawn in the same fracture mode figure schematic.
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2.3.1 Fracture toughness parameters
When defining fracture toughness this can be seen from different perspectives. One
is derived from energy release derived from crack growth and the other from the
geometric point of view and considering the applied load.
When considering energy, G (energy release rate) is used:
G
[
J
m2
]
When considering the load, K (tension field intensity factor) is used:
K
[
N
m3/2
]
When referred to critical values (the ones at the fracture point), the subindex C is
used, hence Gc and Kc are also defined. For distinguishing the modes, a numeral
roman is used also in the subindex, being I the one referred for this study as stated
before.
Those values are related at fracture point by the Young’s modulus (E) and the
Poisson’s coefficient (ν):
Gc =
K2c
E
Plain stress (2.1)
Gc =
K2c
E
(1− ν2) Plain deformation (2.2)
G is obtained from the following formula, which is indeed its definition:
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G =
dU
dA
(2.3)
Where dU is the change in energy and dA the change in area due to crack growth.
The derivation of the parameters of these formula imply that a very complicate
integral has to be computed for each sample, apart from calculating the Young’s
modulus.
A this point is when K surfaces as an alternative effective measure of fracture
toughness, very used in engineering as it is easier to compute with only the applied
load and measures of the geometry needed. A very common formula for obtaining
the fracture toughness of a material is derived from the analysis and study of
computational calculations. It is as follows:
K = f(α)
P
B
√
W
(2.4)
In which f is the calibration factor which depends of α, the ratio between the crack
length (a) and the sample width (W), P the load applied and B the sample thickness.
At fracture, hence:
Kc = f(α)
Pc
B
√
W
(2.5)
The calibration factor is tabulated as a function of alpha for certain values. As
no interpolation was wanted to be done in this study, a formula proposed by J.G.
Williams is used. It is as follows:
f = 6α1/2
1.99− α(1− α)(2.15− 3.93α+ 2.7α2)
(1 + 2α)(1− α)3/2 (2.6)
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Hence, in the end in order to compute Kc to characterise fracture toughness it is
only needed to take measures of Pc with a transductor, B and W with a digital
caliper and a by another caliper at a microscope.
2.4 State of the art
This part is a collection of conclusions found in research papers on polymer and
reinforced polymers fracture toughness. Its aim is to provide with the recent
knowledge on the field and to present references for results discussion.
It was found that notching technique has a measurable effect on PETG fracture
toughness, being notch sharpening radius the suggested variable which caused this
effect. [11] It is worth mentioning that this material is not a composite but a pure
polymer.
Fracture toughness was shown not to be dependent of a/W ratio on glass fibre
reinforced PC [12] although this ratio is highly recommended to be constrained
within several limits, at least for standardization purposes. [2]
Glass fibre reinforcement provided a remarkable boost on fracture toughness when
added to an epoxy PC, [13] even at low glass fibre quantities. [12] Reinforcement
with other materials such as carbon has also been proven to be efficient in fracture
toughness increase but not with the same sucess as with glass fibre [14]. Steel has
been also been successful even when using in very low quantities and mainly for
construction purposes. [15]
It has been found that using fillers in CFRPs had a variable effect on fracture
toughness, either increasing or decreasing it. The reason behind this was suspected
to be due to different interfacial properties. [16] Adding nanoparticles as fillers and
carbon nanotubes in GFRPs has been found not to increase mechanical properties
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related to fracture toughness as GI [17]. Thus, effect of fillers seems to be highly
variable and does not follow a common trend.
Chapter 3
Materials and experimental
methodology
3.1 Materials
In this study there were three types of materials used: Fortron, Ryton and PBT. All
of them are known to be GFRPs (Glass Fibre Reinforced Polymer), thus containing
glass fibres to reinforce them, enhancing their capabilities.
3.1.1 Fortron
Fortron is a high-performace thermoplastic engineered by Ticona, today a subsidiary
of the Celanese Corporation. It is sold under the name of Fortron R© PPS.
As the name indicates it is a PPS (Poly(p-phenylene sulfide)), a semi-aromatic
semi-crystalline polymer. Its structure and a photography of it is shown in Figure
3.1. Fortron is known for having a very good chemical and thermal resistance, good
dimensional stability, high hardness and rigidity, low creep, and for being an inherent
flame retardant.
17
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(a) (b)
Figure 3.1: Fortron R©. (a) Chemical structure. (b) Injected sample photography.
3.1.2 Ryton
Ryton is a high-performance thermoplastic engineered by the Chevron Corporation.
It is sold under the name of Ryton R© PPS. As it is a PPS it has thus the same basic
structure and appearance as Fortron. Its main difference with it is that it contains
others fillers which the manufacturer doesn’t reveal. In Figure 3.2 it is shown both
the structure and a photography of injected Ryton respectively. As Fortron, it
presents very good chemical and thermal resistance and dimensional stability. It is
also non-flammable.
(a) (b)
Figure 3.2: Ryton R©. (a) Chemical structure. (b) Injected sample photography.
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3.1.3 PBT
PBT is an engineering thermoplastic polymer manufactured by several companies. It
is sold commercially as Celanex R© by Ticona, Ultradur R© by BASF or VESTODUR R©
by Evonik. It is a semi-crystalline polymer and a type of polyester. It’s chemical
structure and a photo of it is shown in Figure 3.3. It has a smooth orange-like-brick
surface. This type of GFRP has good chemical and thermal and mechanical
resistance and its inherently a flame retardant, being capable of being non flammable
with special additives.
(a) (b)
Figure 3.3: PBT. (a) Chemical structure. (b) Injected sample photography.
3.2 Sample geometry
It is recommended and stated by J.G. Williams to use SENB (Single Edge Notched
Bend) geometry as it haves predominant bending stress modes and requires smaller
samples to achieve plain strain. Maximizing sample thickness is recommended too.
A representation SENB parameters is shown in Figure 3.4. Convenient parameters
are advised:
0.45 <
a
W
< 0.55
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Figure 3.4: SENB parameters
W = 2B
3.3 Sample preparation
In order to prepare the samples used in this study right before their testing, the
following steps were taken.
3.3.1 Injection
All materials came in the form of granules, thus they needed to be transformed into a
basic prismatic form which then would be pre-notched and notched for their testing.
The process was made using a Mateu & Sole´ METEOR 70/22 V2002 1 BCF. A
photo of it is depicted in Figure 3.5.
3.3.2 Pre-cutting
The injected prismatic pieces of GFRP obtained after injection has proper both
thickness and width but not length. Thus, those materials were processed with a saw
to obtain the desired length. It is not really important to achieve perfect accuracy as
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Figure 3.5: Mateu & Sole´ METEOR 70/22 V2002 1 BCF injector
when testing the samples are positioned onto or beside pins thus creating the same
effective length. The machine used was a BELFEX model number BF-1404-SC. A
photo of it and a detail of the saw is shown in Figure 3.6.
(a) (b)
Figure 3.6: BELFEX BF-1404-SC pre-cutting machine. (a) General photography.
(b) Detail of the saw.
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3.3.3 Pre-sanding
Some pieces needed pre-sanding as some of them presented depressions caused by
a gradient in sample cooling during injection. The surface cools faster than the
nucleus, thus sometimes this effect occurs. To proceed sanding paper was used. A
mask was also worn in order to protect from health issues related to small scraps
breathing. This operation effectively removed part of the oriented-fibre skin but this
was not relevant as it just removed a little part of it.
3.3.4 Pre-notching
This part is the most important right after notching itself as it involves complying
with the first norm.It is stated that a perpendicular cut, perpendicular to the
specimen length has to be done, deep between 0.45 and 0.55 times the sample width.
It was done by using a FERVI T058 model number 09440710. A picture is of it and
a detail of the circular sawing tool is depicted in Figure 3.7
(a) (b)
Figure 3.7: FERVI T058 cutting machine. (a) General photography. (b) Detail
of it’s circular saw.
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3.3.5 Sanding
The object of this part is to remove the scraps made during the part of cutting in
order to produce the pre-notch. A finer sanding paper is slid carefully inside the
pre-notch in order not to increment the pre-notching radius of the pre-notch.
3.3.6 Notching
This is the most critical part of samples preparation as it is the most difficult to
reproduce and on which indeed most of the obtained results depend on.
3.3.6.1 Broaching
Broaching is a special technique which does not require some of the previous steps
above. The process oversteps cutting and sanding as the pre-notch and the notching
are produced at the same time. It consists of sliding a sharp piece onto the surface
until it creates a notch of the desired length (0.45 < a/W < 0.55).
3.3.6.2 Femtolaser
Femtolaser is a techique which involves direct ablation of the material by using laser.
The name for it come from the fact that it emits a pulse every femtosecond using
a Titanium:Sapphire oscillator with and regenerative amplifying system base on
pulse amplification modulated by frequency. As it does not involve a direct human
operator this technique provides great reproducibility and homogeneous notching
depths. It also has the advantage that as it is a very quick ablation which creates
plasma out of a solid material there is no time for heat conduction so there is no
plastic deformation associated with it.
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3.3.6.3 Pressing
Pressing makes use of a sharp razor which is placed onto the pre-notch and then it
is pressed perpendicularly until the notch is produced. Some care has to be taken as
the razor should not be stuck to the pre-notch after the load is applied. It is difficult
to apply the correct load although with some practice this is achieved. It greatly
depends on the material which has to be notched. A photo of a pressing notching
being produced is shown in 3.8.
Figure 3.8: Pressing method
3.3.6.4 Tapping
Tapping involves using a sharp razor as in pressing. It is placed onto the pre-notch
and then it is hammered with care and this creates the notch. Care needs to be
taken as it might get stuck to the pre-notch as well as applying to much force to
the hammer could create secondary cracks. It is very difficult to apply the correct
load, as the reaction force when notching is not felt as it is when using the pressing
technique. This also causes a lot of variation on the created notch length in some
materials. A photo of a tapping notching being produced is shown in Figure 3.9.
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Figure 3.9: Tapping method
3.4 Testing
3.4.1 Low-speed
The machine used in low-speed testing was a GALDABINI Sun 250 and is presented
in Figure 3.10. Testing speed was 1mm/min and temperature ranged between 19
◦C and 21 ◦C.
Figure 3.10: GALDABINI Sun 250 low-speed testing machine.
The used configuration is suggested by J.G. Williams. An schematic for the
geometrical parameters and sensor positioning and a real configuration photo of
it is presented in Figure 3.11
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(a) (b)
Figure 3.11: Low-speed testing configuration. (a) Schematic. (b) Real
configuration photograph
3.4.2 High-speed
The machine used in high-speed testing was a CEAST 6538 and is presented in
Figure 3.12. Testing speed was 1m/s and temperature ranged between 19 ◦C and
21 ◦C.
The used configuration is suggested by W. Bo¨hme. An schematic for the geometrical
parameters and sensor positioning and a real configuration photo of it is presented
in Figure 3.11.
A consideration needs to be made when conducting high-speed tests. They naturally
produce disturbing vibrations which affect randomly and significantly to load
measurements. It is suggested by A. Pavan to damp them by using a thin strain
of damping material. A sample graph by the same author which accounts for load
measurements with and without damping is shown in Figure 3.14.
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Figure 3.12: CEAST 6538 high-speed testing machine.
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(a) (b)
(c)
Figure 3.13: High-speed testing configuration. (a) Positioning schematic. (b)
Sensor placement schematic. (c) Real configuration photograph.
Figure 3.14: Damping effects on high-speed testing. Shown, left to right: no
damping, 0.2 mm silicone grease damper, 0.3 mm silicone grease damper.
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3.5 SEM microscopy
Some of the specimens were analysed by using SEM (Scanning Electron Microscope).
Two microscopes were used: one owned by UPC ETSEIAT Terrassa (JEOL
JSM-5610) and the other owned by UPC ETSEIB Barcelona (JEOL JSM-6400).
They provided with the same data as only measures of the samples were needed.
A SEM makes use of electrons instead of photons as the mean to provide information
on a sample. The process is very similar to a common microscope. An electron gun
emits electrons from a filament. This electron beam is condensed by a lens and then
colimated by a deflection plate. After this process it goes through a final lens which
diverts the beam into the desired raster area.
Backscattered electrons and secondary electrons (the ones which originates by the
sample ionisation) are collected then collected and analysed by the microscope. They
provide information on its geometry and the grey scale might give some qualitative
information on the chemical composition of the sample. Some SEM like the one at
Barcelona also have an x-ray detector which allows to determine it in a quantitative
way, but this was not used in this study.
All polymeric samples need to be sputtered with gold to make them conductive to
the electrons. This is attained by using a machine which by using PVD creates a
thin gold-cover on the sample.
The main advantage of using a SEM instead of a common microscope is that higher
resolution at the same magnification is attained, besides that it allows for much
higher degrees of magnification. The SEM in Terrassa allowed for images up to
50000 times the original.
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3.5.1 SEM measurements
There were four types of measures made with the aid of SEM microscopy. They were
pre-notching radius, notching depth, notching radius and skin depth. Skin ratio to
nucleus (or skin percentage) was derived from skin measurements. Micrographs for
those parameters are represented in Figure 3.15.
(a) (b)
(c) (d)
Figure 3.15: Measured parameters using SEM. (a) Pre-notching radius (b)
Notching depth (c) Notching radius (d) Skin depth
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3.6 Ash testing
Ash testing is used to calculate the % in mass of reinforcement for composite
polymers. The norm defines the whole process for ash testing, which consists of
the following step. The testing temperature of the muﬄe was 650◦C.
1) A sample is taken and its weight is measured (Msample).
2) A crucible is put inside a muﬄe at testing temperature for an hour to eliminate
residual humidity.
3) The sample is put into the crucible and it is put below a flame until smoke
disappears.
4) This is put inside the muﬄe for at least one hour and for a maximum of three
hours.
5) After that, it is taken outside the muﬄe and left to be cooled at least one hour.
6) Ashes are are removed and its weight measured (Mashes).
7) Percentage in mass is calculated using the following equation:
PM =
Mashes
Msample
100 (3.1)
Chapter 4
Results and analysis
In this chapter the results obtained are presented and discussed. It was decided
that the best form to compare and criticize them was to separate this part into the
materials studied because it is the most natural and easy to comprehensible form to
do it. Finally, a summary section presents handful overall results graphs and tables
and compares the results obtained.
4.1 Fortron
4.1.1 Notching technique
The notching technique results comparisons for the measured values of Fortron are
presented in Figure 4.1.
It is seen that there is no apparent effect of notching technique in fracture toughness
values. This is true except for 6mm low-speed tests which are on the verge of having
significant differences based on the standard deviations.
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(a) (b)
(c) (d)
Figure 4.1: Notching technique effects on Fortron. (a) Fortron 6mm high-speed.
(b) Fortron 9mm high-speed. (c) Fortron 6mm low-speed. (d) Fortron 9mm
Low-speed.
4.1.2 Sample thickness
The sample thickness results comparisons for Fortron are presented in Figure 4.2.
It is clearly shown that there is a big difference between the samples tested at
different thickness. The hypothesis given for this is that the skin percentage of 6mm
samples is greater than in 9mm. This results in having the 6mm samples with far
more oriented glass fibres in overall than those of 9mm.
4.1.3 Testing speed
The testing speed results comparisons for Fortron are presented in Figure 4.3.
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(a)
(b)
Figure 4.2: Sample thickness effects on Fortron. (a) Fortron high-speed. (b)
Fortron Low-speed.
The results show no significant differences between the results tested at different
values when the deviation associated with them is taken into account. Despite this
it is noticeable that all mean values for low-speed testing are lower than those at
high-speed. This is remarkable as it might indicate a slight testing speed effect
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(a)
(b)
Figure 4.3: Testing speed effects on Fortron. (a) Fortron 6 mm. (b) Fortron 9
mm.
although not statistically significant.
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4.1.4 SEM micrographs
4.1.4.1 Pre-notching radius
Measured values were between 20 μm and 45 μm with a mean value of 28.4 μm.
A pair of micrographs for Fortron pre-notching radius are presented in Figure 4.4
(a) (b)
Figure 4.4: Fortron SEM pre-notching radius micrographs. (a) Pre-notching
radius, unbroken sample 1. (b) Pre-notching radius, unbroken sample 2.
4.1.4.2 Notching depth
a) Broaching : No results were provided as this technique inherently has no notching
depth defined as its manufacture procedure implies direct notching without
pre-notching the sample.
b) Femtolaser : Values were comprised between 190 μm and 380 μm with a mean
value of 270.8 μm. Value dispersion was quite tolerable. It was the only method
that complied with the existing norm.
c) Pressing : Values were comprised between 30 μm and 35 μm with a mean value
of 32.5 μm. The number of reliable and good SEM photographies was too low to
obtain conclusive results.
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d) Tapping : Values were comprised between 30 μm and 130 μm with a mean value
of 72.8 μm. Variation was too great to obtain a significant value. This is usual
in tapping technique as it is very difficult to control the force asserted to the
hammer during notching.
Some micrographs for Fortron notching depth depending on their notching technique
are presented in Figure 4.5. It is clearly seen difference in physical nature of notching
between femtolaser and pressing and notching. The first burns it, the latter two slide
through it creating a much smooth surface.
(a) (b)
(c)
Figure 4.5: Fortron SEM notching depth micrographs. (a) Femtolaser, broken
sample. (b) Pressing, broken sample. (c) Tapping, broken sample.
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4.1.4.3 Notching radius
a) Broaching : Values were comprised between 1 μm and 14 μm with a mean value
of 5.49 μm. Variation was too extreme to consider this value as significant. This
might be caused by the difficulty in maintaining a sharp notch for broaching, as
it suffers great erosion.
b) Femtolaser : Values were comprised between 2.2 μand 3.6 μwith a mean value of
2.8 μm. There was an insufficient number of samples to allow to consider this
result as reliable.
c) Pressing : Micrographs were not clear enough to measure a clear value although
one of them showed a suspected value of about 6 μm.
d) Tapping : Values were comprised between 0.2 μm and 1.0 μm with a mean value
of 0.56 μm. It was the sharpest notching radius for all values.
Micrographs for Fortron notching depth depending on their notching technique are
presented in Figure 4.6.
4.1.4.4 Skin percentage
A selected pair of micrographs for skin depth measurements are presented in Figure
4.7 depending on sample thickness.
As all values presented no substantial differences in skin thickness regarding sample
thickness, a mean value was calculated, providing 1.44 mm with values comprised
between 0.99 mm and 1.79 mm.
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(a) (b)
(c) (d)
Figure 4.6: Fortron SEM notching radius micrographs. (a) Broaching, unbroken
sample. (b) Femtolaser, unbroken sample. (c) Pressing, unbroken sample. (d)
Tapping, unbroken sample.
Skin percentage was thus as follows:
• 6mm thickness: S% ≈ 48 %
• 9mm thickness: S% ≈ 32 %
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(a) (b)
Figure 4.7: Fortron SEM skin depth micrographs. (a) 6 mm broken sample. (b)
9 mm broken sample, collage.
4.2 Ryton
4.2.1 Notching technique
The notching technique results comparisons for Ryton are presented in Figure 4.8
All the results show that there is no difference between the different techniques except
maybe for 6mm low-speed tests which show a little deviation from that statement.
Still, the results are consistent with that hypothesis which is the same as in Fortron.
4.2.2 Sample thickness
The sample thickness results comparisons for Ryton are presented in Figure 4.9.
As with Fortron, there is a big difference between the samples tested at different
thickness. It is, however, less important. Again, this might be caused because the
ratio skin-nucleus is higher in the 6mm samples than the 9mm, which accounts for
a higher fibre orientation.
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(a) (b)
(c) (d)
Figure 4.8: Notching technique effects on Ryton. (a) Ryton 6 mm high-speed.
(b) Ryton 9 mm high-speed. (c) Ryton 6mm low-speed. (d) Ryton 9mm low-speed.
4.2.3 Testing speed
The testing speed results comparisons for Ryton are presented in Figure 4.10
As it happened with Fortron the results show no significant differences although
the mean values for low-speed testing are always lower than those of high-speed.
Again it reinforces the hypothesis that despite being all values equivalent within
their standard deviation range there is a slight effect due to testing speed.
Chapter 3. Materials and experimental methodology 42
(a)
(b)
Figure 4.9: Sample thickness effects on Ryton. (a) Ryton high-speed. (b) Ryton
low-speed.
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(a)
(b)
Figure 4.10: Testing speed effects on Ryton. (a) Ryton 6mm. (b) Ryton 9mm.
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4.2.4 SEM micrographs
4.2.4.1 Pre-notching radius
Measured values were between 20 μm and 65 μm with a mean value of 38.3 μm. The
number of samples was not enough to provide a reliable result.
A pair of micrographs for Ryton pre-notching radius are presented in Figure 4.11
(a) (b)
Figure 4.11: Ryton SEM pre-notching radius micrographs. (a) Pre-notching
radius, unbroken sample 1. (b) Pre-notching radius, unbroken sample 2.
4.2.4.2 Notching depth
a) Broaching : There is no value provided as it is not defined for broaching.
b) Femtolaser : Values were comprised between 115 μm and 320 μm with a mean
value of 225.8 μm. Despite the maximum and minimum values being fairly
separated, in overall dispersion was considered to be acceptable. This value
was within the norm.
c) Pressing : Values were comprised between 35 μm and 70 μm with a mean value of
49.5 μm. Those values are in tune of classifying pressing as an easily controlled
manual technique.
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d) Tapping : Values were comprised between 55 μm and 270 μm with a mean value
of 180.0 μm. The results were too extreme to consider those results as valid. The
reason is the same as before, it is very difficult to control the force asserted to
the hammer. Because of that reason, it was not considered weather it complied
or not with the norm.
Some micrographs for Ryton notching depth depending on their notching technique
are presented in Figure 4.12.
(a) (b)
(c)
Figure 4.12: Ryton SEM notching depth micrographs. (a) Femtolaser, broken
sample. (b) Pressing, broken sample. (c) Tapping, broken sample.
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4.2.4.3 Notching radius
a) Broaching : Micrographs were not clear enough to measure a clear value although
one of them showed a suspected value of about 8 μm.
b) Femtolaser : Values were comprised between 0.2 μm and 1.0 μm with a mean
value of 0.60 μm. This was the sharpest notching radius value obtained.
c) Pressing : Values were comprised between 1.8 μand 2.5 μm with a mean value of
2.2 μm. The number of micrographs was to low to affirm this result as valid.
d) Tapping : Values were comprised between 1.2 μand 4.0 μm with a mean value of
2.1 μm. Again, there was not a good number of micrographs to assert this value
as valid.
Micrographs for Ryton notching depth depending on their notching technique are
presented in Figure 4.13.
4.2.4.4 Skin percentage
A selected pair of micrographs for skin depth measurements are presented in Figure
4.14 depending on sample thickness.
As all values presented no substantial differences in skin thickness regarding sample
thickness, a mean value was calculated, providing 1.73 mm with values comprised
between 1.28 mm and 2.05 mm.
Skin percentage was thus as follows:
• 6mm thickness: S% = 58 ≈ %
• 9mm thickness: S% = 38 ≈ %
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(a) (b)
(c) (d)
Figure 4.13: Ryton SEM notching radius micrographs. (a) Broaching, unbroken
sample. (b) Femtolaser, unbroken sample. (c) Pressing, unbroken sample. (d)
Tapping, unbroken sample.
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(a) (b)
Figure 4.14: Ryton SEM skin depth micrographs. (a) 6 mm broken sample. (b)
9 mm broken sample, collage.
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4.3 PBT
4.3.1 Notching technique
The notching technique results comparisons for PBT are presented in Figure 4.15.
(a) (b)
(c)
Figure 4.15: Notching technique effects on PBT. (a) PBT 6mm high-speed. (b)
PBT 6mm low-speed. (c) PBT 9mm low-speed.
There is a significant difference between the femtolaser result of PBT 6mm low-speed
and the pressing and tapping results. Still, the other graphs show no difference in
the notching technique effect on fracture toughness so in overall it seems like the
other materials.
The results of these material have to be held with caution as quite some of the results
presented results which implied that it didn’t behave elastically (thus, not able to
have LEFM theory applied) so a firm statement on either ways cannot be given.
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4.3.2 Sample thickness
The sample thickness results comparisons for PBT are presented in Figure 4.16.
There are results on high-speed comparison as the 9mm samples were not tested.
Figure 4.16: Sample thickness effects on PBT
PBT did no behave as the other materials (Fortron, Ryton). There is no difference
in PBT’s behaviour with respect to thickness, apart from an apparent tendency of
having higher values on 6mm which is in agreement to the skin hypothesis. However,
due to the standard deviations of the testings this cannot be affirmed.
4.3.3 Testing speed
The testing results comparisons for PBT are presented in Figure 4.17. There are
results on 9mm comparison are not present as the high-speed was not done.
It happens the same as with Fortron and Ryton samples: although the values show no
difference between low-speed and high-speed testings, it is clear than all mean values
for low-speed testing seem to be lower than those of high-speed. As it happened with
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Figure 4.17: Testing speed effects on PBT
the three studied materials this seems not to be a random coincidence although a
clear statement cannot be given.
4.3.4 SEM micrographs
4.3.4.1 Pre-notching radius
Measured values were between 20 μm and 45 μm with a mean value of 25.6 μm.
A pair of micrographs for PBT pre-notching radius are presented in Figure 4.18
4.3.4.2 Notching depth
a) Broaching : This value is not defined for this technique, thus no value is provided.
b) Femtolaser : Values were comprised between 165 μm and 300 μm with a mean
value of 236.0 μm. It was the only method which was within the norm.
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(a) (b)
Figure 4.18: PBT SEM pre-notching radius micrographs. (a) Pre-notching
radius, unbroken sample 1. (b) Pre-notching radius, unbroken sample 2.
c) Pressing : Values were comprised between 30 μm and 145 μm with a mean value
of 52.2 μm.
d) Tapping : Values were comprised between 24 μm and 120 μm with a mean value
of 56.7 μm. Difference between the extreme values were too extreme to consider
this result to be valid. Again this is attributed to the lack of force control when
notching.
Some micrographs for PBT notching depth depending on their notching technique
are presented in Figure 4.19.
4.3.4.3 Notching radius
a) Broaching : Values were comprised between 0.4 μm and 4.0 μm with a mean value
of 2.88 μm.
b) Femtolaser : Values were comprised between 0.3 μm and 1.4 μm with a mean
value of 0.84 μm.
c) Pressing : There were not analysed samples thus a value is not provided.
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(a) (b)
(c)
Figure 4.19: PBT SEM notching depth micrographs. (a) Femtolaser, broken
sample. (b) Pressing, broken sample. (c) Tapping, broken sample.
d) Tapping : Values were comprised between 0.3 μm and 0.5 μm with a mean value
of 0.40 μm. The number of samples was not enough to be able to affirm this
result. Beside that, it was the method which produced the sharpest notching
radius.
Micrographs for PBT notching depth depending on their notching technique are
presented in Figure 4.20.
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(a) (b)
(c)
Figure 4.20: PBT SEM notching radius micrographs. (a) Broaching, unbroken
sample. (b) Femtolaser, unbroken sample.(c) Tapping, unbroken sample.
4.3.4.4 Skin percentage
A selected pair of micrographs for skin depth measurements are presented in Figure
4.21 depending on sample thickness.
As all values presented no substantial differences in skin thickness regarding sample
thickness, a mean value was calculated, providing 1.91 mm with values comprised
between 1.66 mm and 2.06 mm.
Skin percentage was thus as follows:
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(a) (b)
Figure 4.21: PBT SEM skin depth micrographs. (a) 6 mm broken sample. (b) 9
mm broken sample, collage.
• 6mm thickness: S% = 64 ≈ %
• 9mm thickness: S% = 42 ≈ %
4.4 Summary
A summary for fracture toughness results is presented in Figure 4.22. A summary
table for the morphology results presented above is shown in Table 4.2.
This figure shows differences between materials. It is clear that the 6 mm samples
have all higher fracture toughness values compared to the 9 mm samples. This is
due to fibre orientation caused by the ratio skin/nucleus (skin percentage).
It is also worth comparing between Fortron and Ryton. They have the same chemical
composition except that Ryton contains fillers. Fortron is shown have higher fracture
toughness values. The reason behind this was found by using ashes method. The
results of fibre percentage to total mass are shown in Table 4.1:
Results might seem contradictory as despite Ryton having more fibre+fillers mass
percentage than Fortron fibre mass percentage, Ryton has lower fracture toughness
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(a) (b)
(c) (d)
Figure 4.22: Fracture toughness summary. (a) 6 mm high-speed. (b) 9 mm
high-speed. (c) 6 mm low-speed. (d) 9 mm low-speed.
Table 4.1: Ashes test for Fortron and Ryton
Material Sample 1 Sample 2 Sample 3 Mean
Ryton 73.34% 73.33% 73.48% 73.38%
Fortron 40.94% 40.80% 40.96% 40.90%
values. It has not been studied but recalling literature it is possible that those fillers
create a negative effect on fracture toughness (but enhancing other properties). This
might be because of low interaction between fillers and polymeric matrix as it is
stated in literature too.
Pre-notching radius was consistent in all three materials as it was expected.
It is shown that the only notching technique which complied with the requisites
is femtolaser. Despite that, as notching technique is stated not to have effect on
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Table 4.2: Morphology summary table.
*Low number of analysed samples.**Too much variability.
Fortron Ryton PBT
PR - 28.4 μm 38.3∗ μm 25.6 μm
ND Broaching - - -
Femtolaser 270.8 μm 225.8 μm 236 μm
Pressing 32.5∗ μm 49.5 μm 52.2 μm
Tapping 72.8∗∗ μm 180.0∗∗ μm 80.9∗∗ μm
NR Broaching 5.49
∗∗ μm - 2.88 μm
Femtolaser 2.80∗ μm 0.6 μm 0.84 μm
Pressing - 2.20∗ μm -
Tapping 0.56 μm 2.10∗ μm 0.40∗ μm
ST - 1.44 mm 1.73 mm 1.91 mm
fracture toughness values for these materials this demonstrates the norm to be either
incorrect or not useful when dealing with these materials. Maybe this is can be
extended to a broader family of GFRPs.
The sharpest notching technique seems to be tapping despite that because of a low
sumber of samples this is not a firm statement. This parameter also seems not to
have any effect of fracture toughness vales as it did with other materials studied by
other research centres. This might also be a characteristic for GFRPs.
Chapter 5
Environmental impact
The environmental report is divided into four main parts: electrical consumption,
water consumption, mobility impact and plastic and waste production. Finally a
summary is made and some graphs are discussed in order to visualise it.
5.1 Electrical consumption
A table for electrical consumption is shown in 5.1. A computation of the consumption
in kWh is made to convert it into kg/CO2 and m
2/year of forest needed to absorb
it. The relationship between them is:
1kWh = 0.264
kg
CO2
= 0.576
m2
year
(5.1)
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Table 5.1: Electrical consumption
Equipment Hours (h) Power (kW) Cons. (kWh)
M.& Sole´ METEOR 70/22 9 11.7 105.57
Piovan DSN506HE 12 6.8 81.6
Galdabini SUN 250 36 1.25 45.0
Ceasti 6545 24 0.1 2.4
Fervi T058 24 0.55 13.2
BELFEX BF-1404-SC 6 1 6.0
JEOL SEM 30 10 300
Microscope 50 0.15 7.5
Laptop 600 0.015 9.1
Long fluorescent (4) 600 0.058 139.2
Short fluorescents (4) 600 0.036 86.4
Electrical consumption 795.9 kWh 210.1 kg CO2 458.8 m
2/year
5.2 Water consumption
Water was only consumed during the injection as it is the coolant in that process.
The amount of consumption is expressed in Table 5.2.
Table 5.2: Water consumption
Equipment Hours (h) Flow m3/h Cons.(m3)
Injection circuit 9 0.4 3.6
Water consumption 3.6 m3
5.3 Plastic consumption
For plastic production the amount needed in injection was considered. This is
expressed in Table 5.3.
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Table 5.3: Plastic and waste production
Material Weight (kg)
Fortron 3.50 kg
Ryton 3.50 kg
PBT 3.50 kg
Used plastic 10.50 kg
5.4 Mobility impact
In this section, the amount energy from the means of transport of the author is
considered. Then, it is also expressed in kg/CO2 and m
2/year of forest needed to
absorb it. This is shown in Table 5.4. The equivalences are as follows:
1MJ = 0.88
kg
CO2
= 1.92
m2
year
(5.2)
Table 5.4: Mobility impact
Transport Dist. (km) MJ/km MJ Kg CO2
Walking 228 0.16 36.5 0.8
Bus 444 0.39 173.2 3.8
Train 6000 0.35 2100.0 46.2
Mobility 2309.6 MJ 50.8 kg CO2 110.9
m2
year
It is worth noting that the environmental impact of this section would have been
almost ninefold greater if instead of train the distance covered would have been made
by car as the amount of energy required is 0.35 MJ/km by train and 2.98 MJ/km
by car.
6000kmtrain = 2100MJ = 46.2kg CO2 = 100.9
m2forest
year
(5.3)
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6000kmcar = 17880MJ = 393.4kg CO2 = 859.0
m2forest
year
(5.4)
5.5 Waste production
There were two types of waste produced during this study. This is presented in
Table 5.5.
a) Plastic: the amount used in injection but which was not transformed into samples.
b) Metallic: the razors used for the pressing and tapping techniques.
Table 5.5: Waste produced
Concept Weight (kg)
Plastic 6.47 kg
Metallic 0.46 kg
Plastic waste was purged and disposed by the CCP accordingly to their rules.
Razors are currently being reused as cutter substitutes for sample preparation in
DSC testings.
5.6 Environmental impact summary
Finally, a summary table of the environmental issues considered before is shown in
Figure 5.6. A set of two graphs to represent the impact in terms of equivalent CO2
emissions is shown in Figure 5.1.
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Table 5.6: Environmental impact summary
Environmental issue Units Quantity
kg CO2
study
m2forest
year
Electrical consumption kWh 795.9 210.1 458.8
Water consumption m3 3.6 - -
Plastic consumption kg 10.50 - -
Mobility impact MJ 2309.6 50.8 110.9
Plastic waste kg 6.47 - -
Metallic waste kg 0.46 - -
TOTAL ESTIMATE - - 260.9 569.7
(a) (b)
Figure 5.1: Equivalent CO2 impact. (a) Comparison of CO2 emissions due to
electrical consumption and mobility. (b) Comparison of CO2 emissions between
the real impact of the project or if it the transportation would have been done by
car
Chapter 6
Timeline
This has been divided into two graphs. The first, Figure 6.1 accounts for the actual
timeline of the study. The second, Figure 6.2 is a very brief short recommendation
for a timeline of a similar study which is advised to contain only the analysis of two
materials. This could be for example a study on further analysis of both Fortron or
Ryton.
63
C
h
a
p
ter
6.
T
im
elin
e
64
Figure 6.1: Study timeline
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(a)
(b)
Figure 6.2: Future study proposed timeline. (a) Starting in September 2014. (b) Starting in February 2015.
Chapter 7
Budget summary
The budget has been developed considering that a company asked for this study
to be developed. It is so divided onto three main parts: production costs which
considerate the costs associated to prepare the samples; testing costs for the price
billed to conduct the testings and human costs, which account for the human work
associated with analysing the samples and develop the conclusions drawn in this
study.
A summary of the cost of those parts and the final cost of the project is presented
in Table 7.1. A simple graphic distribution of them is shown in Figure 7.1. It is
shown that human costs account for almost half of the budget, testing for one third
and production for a sixth.
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Table 7.1: Final budget
Section Price (e)
Production costs 6,983
Testing costs 13,140
Human costs 18,000
TOTAL 38,123 e
Figure 7.1: Budget costs distribution
Chapter 8
Conclusions
After analysing the data in Chapter 4, the following conclusions can be outlined.
a) Notching technique does not appear to have a clear influence on the values
for fracture toughness of the studied materials. This might be caused because
of the inherent nature of the materials. They are reinforced with short glass
fibres, which create an homogeneous response to fracture behaviour, thus maybe
producing those results. It is worth noting that as the results obtained are
equivalent each one from the other, then it is be advisable to undertake future
tests applying only the pressing and tapping techniques as they are far more
cost-efficient than using a femtolaser or by broaching the sample. This saves
research costs. It would be interesting to extend the research of this particular
characteristic for other GFRP’s.
b) Sample thickness has a notable effect on fracture toughness. Both Fortron and
Ryton presented significant differences between 6mm and 9mm samples. This
might be caused because the 6mm samples, which had higher fracture toughness
values, presented higher skin percentage with relation to the whole sample width.
As the region from the skin has more more oriented fibre glass fibres than the
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nucleus in the end this causes it to have better fracture toughness. This statement
is not true for PBT, this is because of the higher non-elastic nature of the material
which places it on the frontier of being suitable for LEFM application.
c) Testing speed does not seem to have a direct effect on fracture toughness values
which is is accordance with the theory. Despite being all the results within the
standard deviation range what is also true is that all the mean values for low-speed
fracture were slightly lower than the ones for high-speed fracture. This suggests
that there might me a slight influence of testing speed on the results caused by
the sample deformation on low-speed testing.
d) Pre-notching radius is similar on all materials. This is logic as the same saw was
used and cutting is not a technique which involves deforming the material but
removing it. This causes no deformation so despite being different materials the
result was the same.
e) Notching-depth has big differences. Both pressing and tapping have comparable
results. Femtolaser results are about four times deeper than those. This is
important as the norm implies that notching depth should be four times the
pre-notching radius. This is only accomplished with the femtolaser technique.
Despite that, results for the other techniques which did not comply with the
form were equivalent to femtolaser.
f) Notching-radius is similar for all techniques except for broaching. This is normal
as it only involves direct cutting so the sharpness is very limited compared to
the ones that can be obtained from using a sharp razor (pressing, tapping) and
a focalised laser (femtolaser). It seemed that tapping produced more a sharper
notching.
g) Skin percentage is always higher in 6mm samples than in 9mm. This implies that
in overall the fibres from 6mm samples are more oriented that 9mm samples. This
anisotropy may cause the differences present in fracture toughness.
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